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MECHANISM SWITCHING AND TRAPPING OF TRIPLET-TRIPLET ENERGY TRANSFER
IN AN ORIENTATIONALLY DISORDERED MOLECULAR SOLID

Jack R.u;gr;an and M. A, El Sayed
Department of Chemistry and Biochemistry
University of California
Los Angeles, California 90024
ABSTRACT

The separation between the ions or molecules in disordered solids
varies at random. The optical tramsition energy could also vary over a
wide range for the different molecules or ions in the solid resulting
in a large inhomogeneous line width (Avinh)' This allows emnergy
transfer and spectral diffusion studies to be carried out between the
same chemical species but at different local enviromments in these
solids using lasers for excitation. Furthermore, when carried out at
temperatures at which xT <« Avinh’ energy transfer becomes
unidirectional, i.e. to molecules or ions having tiansition energies
equal or lower than the laser—excited-donors within the inhomogeneous
profile. This allows studies on the dependence of the rate and
mechanism of the energy transfer on the acceptor concentration (i.e.
on domor-acceptor separation) to be carried out by simply changing the
laser wavelength within the inhomogeneous profile. By analyzing the
temporal behavior of the emission intensity of the pulsed-laser—excited
set of molecules or ions (donors), the mechanism of the excitation
transfer can be elucidated. These types of studies are carried out on
the triplet-triplet energy transfer in a unique type of disordered

solid, orientationally disordered molecular solids, ©.8.

1-bromo,4-chloronaphthalene (BCN) neat solid. In this solid, the Tl—so
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transition enmergy is inhomogeneously broadened with Avinh =~ 64 cm .

The temporal behavior of the donor emission intensity can be described
by a one-dimensional electronic exchange mechanism, expected for
triplet—triplet energy transfer in this system, at laser wavelengths
for which the mole fraction of acceptors is > 0.1, At longer
wavelengths, i.e. for acceptor mole fractions ¢ 0.1, the lower emergy
acceptors are on the average at distances for which the exéhange
mechanism becomes inefficient. This might explain the observation that
at these wavelengths, the intensity temporal behavior can be described
by the long range, three dimensional electric dipole—dipole mechanism.
Not only the observed temporal behavior but also the quantitative
acceptor concentration dependence results point out to the possibility
of the mechanism switching for the triplet—triplet energy transfer
process in this system.

At still larger domor—acceptor separation, the dipole—dipole
mechanism becomes inefficient and the excitation energy becomes trapped
on some of these randomly distributed sites. This allows radiative
processes to be observed from these sites. As a result, the observed
emission profile of the solid at low temperature is determined by the
energy distribution of the eﬁission of the trapping sites. Predictions
based on these ideas are used and a fit is made to the 4.2 K observed
phosphorescence profile of the BON solid. The theoretical fit to the

observed emission profile is discussed in terms of the possible energy

transfer pechanisn(s) discussed above.
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INTRODUCTION

In recent years, considerable interest has been shown in the
optical properties of disordered solids, where the disorder can affect
both the static and dynniic properties of electronic excitations.
Research activities have been in three different types of these
systems: the first is rare—earth iomns im inorganic glasses[1_5],
second is protonated in deuterated isotopically mixed aromatic

crystals[6’7]

, and third (more recently) is orientationally disordered
lolidsls-lol (ODS). The latter are molecular crystals which retain a
high degree of translational correlation in terms of lattice positions
of the center of mass and general molecular orieantation but show a
distribution of orientations with respect to substituent groupstll].
An example of this type of disorder is the 1-bromo,4-chloronaphthalene
(BCN) cryst11[12].

In all of the above systems, the disorder results from a random
distribution of the sepatntibn between the different molecules or ions
being studied. In the first and third systems, the separation as well
as the tfsnsition energy of the molecules or ions of interest cam also
vary over a reasonably wide range. This gives rise to a relatively
large inhomogeneous line width (Avinh) for these systems than in
crystalline materials. In these solids, where the long range
structural order of simple crystals 1is absent, not only the
inhomogeneous width but also the homogeneous linewidth is found to be

broader tham in crystalline nnterials[13'14].

The homogeneous
broadening in glasses has been interpretedlls_la] in terms of the 'two

level system’ -0401[19'201 which postulates the existance of a
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?;é tunneling-type motion of atoms or molecules between two inequivalent
;i& minims. Both the inhomogeneous and homogeneous linewidths of Eu3+ in
i 3203 glasses have been fonndlzl] to be sensitive to, and well
%% correlated with chemical structural changes induced by the addition of
.; Ney0.

. At higher impurity concentration in glasses, spectral diffusion
3%% among the impurity sites due to the nonradiative exchange of electromic
.sg excitation at temperatures where kT > Avinh has been studied using time
i resolved flvorescence line narrowing techniques[l-SI. The time
jﬁ dependence of the donor emission, which is sensitive to the coupling
22‘ mechanism and disorder in domor-acceptor distlnces[1’22—24], has been
::i nud[z’s‘51 to show that the transfer is dipolar in nature. Similar
i; results are obtained with crystalline hosts, where a dipolar mechanism
li% has glso been fonnd[25].

In the case of molecular crystals, it is now accepted that triplet

'O

g; exciton transfer results from the electron exchange intetuction[ZGI.
;;2 Energy transfer in pure crystals is well understood in terms of the
"; exciton -od91[26]. where the electronic energy levels of the molecules
1%% become bands in the crystal. In the isotopic mixed molecular
é% (disordered) crystals, the 1large increase in the energy transfer
A efficiency at some critical trap conconttation[6'7] has been
“Sé interpreted in terms of a percolation nodells], a model in which a
ig transition from localized to exiendod states is i-portlntlzvl (as in
o=

[28) model), and a model based on a hopping

(291

the Anderson trnnsition

mechanism of excitation transfer
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Disordered solids in which Soth the transition energy and the
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separation changes over a wide range have a number of properties not

possessed by crystalline solids. First, the excitation energies of the
different molecules in the disordered solid have a larger spread in
excitation energy tham in crystalline solids, resulting in a larger
inhomogensous 1linewidth for the former (100 cm ! as compared to 1 cm
at 4.2 X). Second, in disordered solids, the distance between
molecules that can exchange excitation emergy is not constant, leading

to a diffusion coefficient which chamges in ti-alao]

after a pulsed
excitation of the donor in the system. Third, using lasers, a set of
molecules or ions within the inhomogeneous profile can be excited, thus
acting as the donors. Some of the species of the same chemical
remaining unexcited can act as the acceptors. If kT ) Avinh' then all
the unexcited species are indeed potential a?ceptors and the energy
transfer process occurs to species of higher or lower frequency than

the donor by phonon assisted processestsll. e.g. between Eu3+ ions in

phosphate glasseslz'sl.

If, however, XT Avinh' only those species
with transition frequencies equal or lower than those excited with the
laser are potential acceptors, e.g. the transfer in ODS like pen[8-10]
at 4.2 K. In these systems, the concentration of fhe potentisl
acceptors can be changed continuosly by simply changing the wavelength
of a tunable 1laser used for excitation. Since the different energy
transfer mechanisms may be of different dimensionality and are expected
to be most effective at different ranges of domor-acceptor ;epnrution.
i.e. at differeat time scales after the domor excitation, a switch in

the excitation transfer mechanism from a shorter range and less

isotropic interaction to a long range and more isotropic imnteraction




might be observed by analyzing the temporal dependence of an excited

donor population at a certain acceptor concentrationlsz],

e.8. by
adjusting fhe laser excitation wavelength at low temperatures. Such a

behavior is not expected for crystalline materials.

The Ti - 80 transition of BCN at 1low temperatures has an
inhomogeneous vidth on the order of 100 c-—l. This linewidth is about
two orders of magnitude larger than the 1linewidth observed for the
corresponding transition in 1,4-dichloronaphthalene (DCN) and
1,4-dibromonaphthalene (DBN), suggesting that the width in BCN is due
to the static orientational disorder in the halogen positions in the

1[12]. [33]

crysta Comparative studies of the crystal structures and

[34] of this 1,4-dihalonaphthalene series show that the

Raman spectra
one—dimensional stacking foeature and intermolecular interactioms in BCN
are similar to DBN for which one dimensional exchange-type triplet
excitons have been observed[35!

Recent results on the time resolved phosphorescence line narrowing

(8] hat following

(TRPLN) studies at 4.2 K (XT ¢« Avinh) have shown
pulsed narrowband excitation on the low emergy side of the absorption
profile that the line narrowed compoment (donor) decays with time while
the emission from lower energy sites emerges uniformly. This is
interpreted in terms of a unidirectional high to low energy transfer.
- The increase in the donmor decay rate with increasing domor site energy
is interpreted as arising from the increase in the mole fraction of
lower energy acceptor sites as one moves to higher emergies within the

D inhomogeneous profile.

In this paper, we present the temporal behavior of the
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PAGE 5

phosphogescence omission intensity of 1laser excited triplet emergy
donors in BCN at 4.2 XK. From the analysis of the donor emission decay,
the coupling mechanism can be inferred. This analysis is carried out
as a function of the acceptor concentration (i.e. the excitation laser
wavelength)., The aim of these studies is to look for possible
switching of the energy transfer mechanism in a disordered solid 1like
BCN as the donor-acceptor separation (i.e. acceptor concentration) is
changed. The results suggest that a possible switching from a
one—dimensional exchange to a three—dimensional electric dipole-dipole
mechansism takes place as the acceptor concentration is reduced below
ten mole percent., At still larger dogor—ncceptor separation, none of

the coupling mechanisms can compete with radiative processes, leading

to excitation trapping. Based on this simple idea, a phenomenological

description of the trapping process in these disordered solids is given
which is found to account for the observed trapped emission in BCN and
to give emergy transfer parameters which are in reasonable agreement
with the results obtained from the decay analysis of the temporal
behavior discussed above. Preliminary reports of this work have

recently been communicated!9:10

EXPERIMENTAL
The BCN was synthesized from 1-amino,4-chloronaphthalene by means
of & procedure described elsewhere[12]. The material was extemsively

zone refined. Crystals were grown from the melt in a Bridgemann
fuinacc. The 4.2 K measurements were carried out with the sample

immersed in liquid holigﬁ.

Spectr were re~ rded using a 1-M Jarrell-Ash monochromator with a




-------

e ol ke It B RS S
PAGE 6

A A

2 c-l resolution used throughout. Steady state phosphorescence
spectra were obtained by excitation with the 3300 A region of a 100 W
mercury—xenon lamp. Absorption spectra were obtained with a 80 W

quartz-halogen lamp. Signal was averaged with a PAR Model 162 boxcar

£
oy
7
i
‘Q
L]
o~
' d‘"
.

r.-
n".

averager, recorded on & Tracor—Northern NS-570A multichannel digitizer,

and anslyzed on a PDP-11/45 computer.
For time resolved messurements, a Quanta-Ray DCR-1 Nd:YAG pumped

pulsed dye laser at a repetition rate of 10 Hz with a spectral width of

0.3 cn_l and & pulse width of 6 nsec was used as the T1 - S0 excitation
source. Time resolved spectra of the Ti - 8, phosphorescence of the

0,0-321 cem 1 band in the wavelength domain were recorded with the PAR
boxcar averager. The temporal dependence of the donmor phosphorescence
was performed by carefully tuning the monochromator to the donor
0,0-321 cn-l band so0 as to follow the domor intemsity. Spectra were
recorded with a Biomation 805 waveform digitizer, averaged with a
homebuilt signal averaging computer, and analyzed on a PDP-11/45
computer. A special gated phototube was used in order to reject
scattered laser 1light. Duse to interference from switching the the
focus electrode, the first 10 psec of signel following the laser pulse
was rejected. In order to estimate Io. the intensity at time t=0, Io
was determined by extrspolating a log(I) vs. 1log(t) fit to the first
10 to 50 psec of signal to t=0,
ABSORPTION and EMISSION SPECTRA of BCN

The broad features observed in the Ti - So absorption spectrum of

BCN indicate that the singlet—triplet absorption in this system is

inhomogeneously broadened. The nature of the inhomogeneous broadening
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PAGE 7

most likely arises from the static orientational disorder in the
bromine and chlorine positions in the crystal. The orientational
disorder leads to an inhomogeneous distribution of the site emergy due
to the disorder in the static crystal shift from the gaseous excitation
energy. The absorption profile of the 0,0 band of the singlet—triplet
transition of neat BCN at 4.2 K is shown in fig. 1. The general
charactaristics are in agreement with the spectrum reported in the

liternture[lzl. Shown in fig. 1 is a fit of the absorption profile to

1
-

a Gausyian with a 32 cm * width (hwhm), suggesting an inhomogeneous
type of broadening. A temperature dependent study of the absorption
lineshape for BCN has shown that thes homogeneous broadening due to
interactions with phonons is much smaller than that due to the

disorderllz].

The broad, structureless,and nearly Gaussian absorption
profile lend support to the interpretation that the inhomogeneous
profile is determined by the static structural disorder.

The phosphorescence profile of the 0,0 band of the T, - §

1 0

transition of neat BCN is also shown in fig. 1, which agrees with that
previously reported[lzl. The phosphorescence profile is observed to be
narrower than the absorption profile and to originate from the low
energy sites observed in absorption., These results indicate that at
4.2 X a rapid phonon assisted energy cascade from high to low emergy
sites occurs in neat BCN at 4.2 K. At temperatures where kT <<
inhomogeneous width, energy transfer from low to high energy sites will
be negligable since energy transfer from low to high energy sites

requires the population of phonons which will be small in this

temperature regime, We will return to the origin of the




phosphorescence profile after describing the results of the time

resolved phosphorescence line narrowing (TRPLN) studies in this system.

£ %3"«1 i34

LY

DYNAMICS of SPECTRAL DIFFUSION in BCN

L

=€ The results of the TRPLN studies reported in ref. 8 show that
‘é spectral diffusion of the Ii - So transition enexrgy occurs in BCN,
- where the band shape of the first vibronic band was monitored as a
,g function of delay time. The results show that the line narrowed
Eé component decreases in intensity preserving its width, while
i‘ phosphor2scence from the lower emergy acceptors increases in intensity.
i% The acceptor phosphorescence is observed to increase ﬁnifornly in time
Eg and at 1long times resembles the steady state phosphorescence of the

0,0-321 cm! band.

4

The results of the dependence of the rate of spectral diffusion on

¢

b -
0. S L e A

the domor site excitation energy reported in ref. 8 show that the

energy transfer rate is strongly dependent on the donmor excitation

A
é& energy. Excitation at 1lower energies within the absorption profile
'; result in phosphorescence mainly from the initially excited sites..
.i With excitation at higher emergies within the absorption profile the
_?E relative donor to 1lower energy acceptor phosphorescence decreases
25 uniformly. For excitation at 4937 A oanly the acceptor emission is
- observed on the time scale used. Excitation at higher energies within
:E ‘the inhomogeneous profile results in emission only from the lower
fé energy sites. The phosphorescence from the low energy acceptors
?: following pulsed excitation within the 0,0 absorption profile at
‘é energies higher than 4937 A is similar in both width and position to
?: the phosphorescence profile observed with steady state broadband
rd ‘

]
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:‘ excitation of the S, - S, tramnsition. These results show that the
)%E energy oascades down to the same energetic distribution of sites
! rogardless of the initially excited site energy for energies higher

than the phosphorescence profile.

The TRPLN results confirm that the absorption profile is

inhomogeneously broadened and that a one way energy transfer from high

§;~ to low enorgy sites occurs in this system. In the BCN system at 4.2 K,
ﬁi kT ~ 3¢:m_1 while the inhomogeneous width is 64 cm_1 (fwhm). At this

temperatinre, transfer from low emergy sites to higher emergy sites by

the absorption of one phonon is negligable since this process requires

h& the population of phonons of emergy AE12 >> kT, where AE12 is the
v energy mismatch between the donor and acceptor sites, vhich will be
;3 very small. For the same reason, the higher order Raman and Orbach
#E type phomon assisted processes[31] for transfer from low to high energy
. sites will also be unimportant at this temperature.

L}? The time development of the low energy acceptor phosphorescence
3;? reported in ref. 8 shows that the initially excited line marrowed
. component decresses in time preserving its width while the low energy
Eg acceptor phosphorescence emerges uniformly resembling the steady state
E? phosphorescence profile at all times. The acceptor phosphorescence
. does mnot simply reflect the energetic distribution of all of the lower
Eéi energy acceptors which is given by the tail of the Gaussian for E ( El'
féz where El is the enmergy of the initially excited domors. For symmetric
. energy transfer, where transfer to higher or lower energy sites occurs
éé with s similar probability, the details of the emergence of the
E? acceptor profile and the wavelength dependence of the energy transfer
5N
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? rate can be used to detormine the dependence of the emergy transfer
.

? rste on the donor-acceptor emergy nisnntchlzs’all. The interpretation
) o

I of the onergy mismatch dependence when energy transfer is observed to

take place only to lower enmergy acceptor sites is complicated by the
increase in the density of lower energy acceptors as the enmergy of the
l domor is increased. This could explain the increase in the energy
.; transfer rate with increasing donor site energy. The analysis of the
. temporsl development of the low enmergy acceptor phosphorescence is thus
complicated by spectral diffusion within the acceptor system. For an
initial transfer step from the initially excited donor at emergy E1 to
an acceptor at energy 32 where AE,, is small on the scale of the
average donor-acceptor enmergy mismsatch, the time scale of a second
transfer step from E2 to a still Ilower emergy acceptor will be
comparable to the initial transfer time from Bl to Ez. The occurance
of multiple transfer steps for a single excitation will prevent the
observation of phosphorescence from the full acceptor density at higher

acceptor energies. The emergence of the phosphorescence from the full

spectrum of lower energy acceptors resembling the steady state
phosphorescence profile regardless of the initial excitation emergy
indicates that the emergy transfer process is only weakly dependent on
the energy mismatch. The increase in the energy transfer rate with
increasing donor excitation energy is then predominantly due to the
increase in the density of acceptors. We now turn to the temporsl
dependence of the donor intensity and assume that the acceptor
-concentration can be described by the mole fraction of sites with

energios equal to or less than the initial domor excitation emergy.

................ -
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PAGE 11

TEMPORAL BEHAVIOR of the DONOR EXCITATION PROBABILITY

The inhomogeneous broadening of the Ti - so transition enmergy in
BCN is assumed to be microscopic in nature with a random spatial
distribution of transition energies. A high degree of correllstiom in
site energies would most likely result in a distortion of the low
energy acceptor phosphorescence profile with different excitation
vaveléngths due to preferential emergy transfer to a particular type of
acceptor. The uniformity of the acceptor phosphorescence with time and
donor excitation wavelength suggest that the site energies are to a
good degree uncorellated, at least on the 1low energy tail of the
absorption profile where all of our measurements have been made. The
random nature of the site energies at the 1low emnergy side of the
absorption profile results in a distribution of the distances between
donor and lower energy acceptors. For a single donor acceptor pair the
energy transfer rate W(R), where R is the position of the acceptor, can
be written 13[36'37]

Y(R) = Lexply(a-B)] (1)
for isotropic exchange coupling, and

v = la/m® (2)
for isotropic multipolar interactions. Equ. 1 and 2 are expressed in
terms of d, the nearest meighbor distance, and T , the transfer time
from a donor to am acceptor at a distance d. In equ. 1, v is o
-onsu;o of the dependence of the transfer rate on distance for exchange
ocoupling. The exponent s in equ. 2 is 6, 8, 10 for electrostatic

dipole-dipole, dipole—guadrupole, or qnadrupolo-qnadruﬁole interactions

respecotively.
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In order to describe the time dependence of the donor excitation
probability, P(t), in a macroscopic system, a statistical averaging of

the distances R is necassary. The distance averaging was first treated

[22)

by Inokuti and Hirayama for exchange and multipolar interactions in

three dimensions and later generalized to all dimensions for both

[24] [23]

exchange and multipolar interactions. The time dependence of

the donor excitation probadbility, after correcting for the first order

radiative decay, for exchange conP}igg can be described by[24]
1n(p(e)] = -av, (vd)™" ¢ gyt 3

where VA is the volume of a unit sphere in a space of A dimensions,

a is a constant ~ 1 whose exact value depends on the lattice geometry,
and ¢ is the acceptor concentration. The function gfﬁeyd) is

given bylza]

14} + 0.57722 (4a)

vd

sl(foyd) = lnlfo
8,57 = 1a212679) + 1.15443101867%) + 1.97811  (4b)

8,07 = 12T + 17316512 (27

+ 5.934341a(5e7%] + 5.44487 (4c)

For multipolar interactions, the time dependence of the donor
excitation probability, after correcting for the first order radiative
decay, can be described bylzs]

1a[P(e)] = V[ (1-B)e(e/m?/?, (5)
where [(1-/s) is the gamma function. The above results were obtained
for 1low acceptor concentration; and neglecting back transfer from
acceptor to donmor. v . .

It is generally accepted that triplet—-triplet emergy transfer in

organic molecular crystals is of the exchange type. Though the nature

of the exchange interaction is of short range, even trap to trap

P Sl S - B T - R
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PAGE 13
%} - migration of triplet excitations over am order of 10 intervening host
;é molecules in mixed organic crystals has been interpreted in terms of
X

exchange or snperexchan;elss]. In a study of the exciton dynamics in

DBN[35], it was found that the exciton could well be described by a one

ass< I

.
o

dimensional behavior along the DBN stack with a nearest neighbor
exchange coupling B of 7.4 c-_l. where <=h/B. The one dimensional
bebavior was attributed to the strong pn orbital overlap between
nearest neighbors in a direction almost perpendicular to the molecular
plane. In a comparative study of the crystal structures of the
1,4-dihalonaphthalenes it was found that although DCN and BCN
crystallize in a somewhat different structure (P21/c.z=4) than DBN
(P21/c,z=8) both structures show a very similar stacking feature
suggesting that the BCN structure should also show a one dimensional
intermolecular interactionlsa]. The study of the Raman spectra in the
neat asnd mixed crystals has suggested that the intermolecular
interactions in the 1,4-dihalonaphthalenes are sinilar[34].

Because of the similarities of the interactions in the BCN crystal
to those in the DBN crystal, wheré one dimensional. exchange-type
excitons are observed, we will first examine the temporal dependence of
the domor phosphorescence intensity in terms of one dimensional
exchange interactions in order to test if this dimensionality amd type
of interaction is preserved fpr the long range (greater than nearest
neighbor at low acceptor concentrations), nonresonant energy transfer
that results from the inhomogeneity of the T1 - So transition in BCN.

The fit of the domor excitation probability after correcting for the

first order radiative decay, P(t), to the one dimensional exchange

...........................................
.............................................
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mochanism using equs. 3 and 4a for several excitation wavelengths on

the low energy tail of the 0,0 band of the ‘.l'1

shown in fig. 2 where we plot log[P(t)] wvs. log(t). The quantity

- So transition of BCN is

P(t) = I(t)exp(t/'t‘o), where I(t) is the phosphorescence intensity

normalized to one at t=0 and < is the radiative lifetime in the

0
absence of energy transfer. On this choice of scales, the decay should
be linear for energy transfer to randomly distributed acceptors im omne
dimension by the exchange mechanism with a slope of —c/yd. The fit to
this mechanism and dimensionality at short times, although poor at
longer wavelengths (lower acceptor concentrations), is very good at
shorter wavelengths (4940 A) where the acceptor concentration is
higher.

We now discuss the acceptor comcentration dependence of the slopes
of the fit to the one dimensional exchange mechansism shown in fig. 2.
We have previously described the acceptor concemtration in the BON
system at 4.2 K as the mole fraction of BCN molecules whose 'l‘1 - So
transition frequencies, v, are ¢( the donor transition frequency, Vexc®
For a Gaussian distribution of site energies, the mole fraction of
sites having transition frequemcies ¢ v, Xv, is given by

x, = 113812 tama (v v, /D2 1ave (6)
where [ is the Gaussian width (hwim) centered at Voax® From fig. 1 we
1

find [ =32 om ! and v___= 20284 cm 1 for the 0,0 band of the T, — §
max 1

0

transition of BCN at 4.2 K, The magnitude of the slope of the 1-D

exchange fit, -1-D.B vs. xv is shown in fig. 3. The so0lid line is

the graph of ™ DE" leyd where yd = 0.1. Exchange interactions are
14

usually of shorter ranmge, i.e. vd >> 1, with yd = § being typical for
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‘j many aromatic syot-s[”] For illustrative pur th

E . poses, e expected

;; concentration dependence of -.1-!),1'.' for vd equal to 5 is also displayed

’ ) in fig. 3. From the poor fit of the 1-D exchange mechanism we

". conclude that this mechanism is not the dominant energy transfer

mechanism for the excitation energies used here. At these relatively

- low acceptor coancentrations, superexchange, rather than the exchange

'.':‘2 mechanism may be expected to be dominant. For the superexchange

":: mechanism the rate of energy transfer at a distance (N+1)d is given

- by[”]
? . W(R) = %exp(Nln(B/AE)) (7 |
;:S where AE is the separation between host and domor simnglet-triplet :
_-_' transition energies and is >> B. From the similarity of equs. 1 and 7 ‘
: one can see that the form of the superexchange interaction is the same 1
..3 as the exchange interaction with —1ln(B/AE) equivalent to yd. Equ. 3 :
x may then describe the domor excitation probadbility with yd = —-1n(p/AE).

g We define the host species in BCN as those molecules with transition

::;' frequencies v ) Vexc® Taking the absorption maximum as an effective

o host energy level one obtains AE = 37 to 70 al-l for the excitation

,;.-' energies used here. For B <(( 37 n-l the temporal decay of the donor

: excitation probability should be 1linear on a log[P(t)] vs. 1log(t)

- scale for the superexchange mechanism. The poor fit at. the longer

:2 excitation wavelengths shown in fig. 2 indicate that the superexchange

\: mechanism is also not important at low acceptor conceatrations. For

o excitation at 4940 A, the‘ decay appears to fit the superexchange

53 mechanim with -m, , o = 0.78. Taking m, , p = ¢/[-1n(B/AE)] with ¢ =

:::I 0.066 from equ. (6) and AE = 41 cm™ ! for excitation at 4940 A, one

v
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f{ obtains p =38 om 1 for BON. This value is much greater than the 7.4
.": C-l value observed for B im the DBN crystal which should show a

similar exchange coupling. It also yields s value for AE/p of about
N unity for which the description of the superexchange coupling in equ.
7 may not be entirely valid. In addition, the description of the
superexchange coupling givem in equ, 7 assumes a constant energy
A separation AE. In the BCN system, however, the individu‘l host energy
levels are not constant, with s spresd of transition frequencies given
by Avinh' The use of eqn.. 7 for the description of the superexchange
coupling with an effective AE, and the subsequent analysis using equ.
3, may not be adequate for this system, where the disorder in host
energy levels is comparable to AE. A theoretical examination of the
-2 superexchange mechanism for emergy transfer in a disordered host is
2 indeed neeoded.

Ve now consider the possibility that the emergy transfer in the

BCN system at the long wavelength region of the absorption band where

LA AN AP

o L™

the acceptor concentration is low may arise from more isotropic

interactions. One dimensional exchange type interactioms have been

“d

N

:] found to be unable to account for the temporal dependence of the donor
3

f: excitation probability. At low acceptor concentrations, where emergy
o transfer to acceptor sites at distances greater than the nearest
R/, 4

A

s

:; neighbor distance is important, more isotropic interactions may
x4

}3 dominate over a ome dimensional interaction. We now examine the
'

;u temporal dependence of the donor excitation probability in temms of the
?: dipole~dipole interaction in three dimensions since this interaction is
i

AN more isotropic and also has a slower distance dependence than the
>

Ey

Vo,

-
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A
>

¥

Y
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: oexchange iateraction in this orystal.
Mt ‘
::f-j The fit of the P(t) to the three dimensional dipolar interaction

using equ. S for the same excitation wavelengths used in fig. 2 is
" 1/2

i shown in fig. 4 where we plot logl[P(t)] vs. t'“. On this choice of
:: scales the decay should be linear with a slope proportiomal to the
acoeptor concentration. At the longest wavelength (4947 A) the decay
" is well described by the 3-D dipole-dipole form, while at shorter
.::_: wavelengths deviations from the fit are observed at early times. At
4940 A we were unable to fit any sizable portion of the decay to the
.i dipolar fomm. These results suggest that at long excitation
3
:, wavelengths (low acceptor concentration) and at long times that the
. dipolar interaction dominates the emergy transfer in this system. At
:.' short times and short excitation wavelengths (corresponding to shorter
\f donor—acceptor distances) other interactions become important and the
- decay ocurve deviates from the dipolar fom. At shorter domor-acceptor
:}:: distances the one—dimensional exchange or possibly three dimensional
"’:’. exchange interactions most likely bdecome important also. For
ol excitation at 4940 A, which correspond to relatively high acceptor
:: concentration, both eu.change and dipolar interactions may be active,
" which could account for owr inability to interpret the decay in tems
2 of only one mechanim.
3 As further evidence of the dipolar nature of the decay, we show in
_ fig. S the acceptor comceantration dependence of 220,00 where
m,p.p-p 18 the slops of the fitted line in the log[P(t)] va. /2
.‘ plot. .3D.D-D shows the predicted linear dependence on concentration
:" according to equ. 5. The solid line in fig. S is the best fit 1line

..............
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- -1/2
with -3D.D—D 1.8 psec (c + 0.013). Although .3D.D—D does not
extrapolate to zero at zero acceptor concentration, this may be due to
either errors in our estimation of the acceptor comcentration fram the
assmption of a Gaussian absorption profile (see fig. 1) or from

contributions to the decay fram exchange coupling. For —m 1.8

3D,D-D

nsoe_llzc, one obtains from equ. 5 & value for the transfer time at
the nearest neighbor distance for dipolar coupling = 17 psec.
TRAP FHOSPHORESCENCE PROFILE of BN at 4.2 K

In the previous sections we have described the spectral diffusionm
in the BON system at 4.2 K in tems of a one way high to low emergy
transfer process in which the increasing mole fraction of lower enmergy
acceptors as ome goes to higher emergies within the inhamogeneously
broadened Tl - so absorption profile plays an important role. These
features are manifested in the phosphorescence profile of tho same
transition which is narrower than the absorption profile and originates
from the lower emergy sites. In this section we d§v010p a simple model
for the phosphorescence profile in which the emergy cascades down from
higher to lower energy sites until sites are reached for which the

transfer rate becomes slower than the radiative decay rate.

The decay of an emergetically excited domor site in the presence

of acceptors can occur by radiative and nonradiative unimolecular

O SASAAY
331
- _v |

| AR

LN

process or by the donor transfering its excitation nonradiatively to an

acceptor. The radiative and nonradiative unimolecular processes are
1 taken to be independent of the nature of the excited site and to ococur
i% with a rate of 1/10. where <, is the decay time in the absence of
o

acceptors. In the presence of acceptors the donor may transfer its
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energy mnonradiatively through either multipolar or exchange type

»
. 6,08,

R T
-

interactions where W(R) is given in equs. 1, 2, and 7 for exchange,

-

multipolar, and superexchange interactions, respectively. One can

A

Yy
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define an interaction radius, R’, as the donor-acceptor distance for

which the energy transfer rate is equal to the unimolecular decay

‘ ute[”]. From equs. 1, 2, and 7 one finds
e R = R'/d = (z /r)V/® (8a)
B 0 0
e, 1
EE = 2
' = S S

é: for multipolar, exchange, and superexchange interactions, respectively,
i}

o

": where RO is the interaction radius in units of the lattice spacing, d.
The radiative qhntn yield, @(R), for a donor with am acceptor at
f*24

'§ distance R is given by

o

3 10—1
. - ®(R) = 1 9

o : v, +W(R) '

' 0

'

)

X where To is the radiative decay rate. Using equs. 8a and 8b ome can
. write the gquantum yield in tems of R’ as

R a®) = (1 + (R*/R)*]7? (10a)
e #(R) = [1 + exp(yd(R*/d - R/a))]7} (100)

. fer multipolar and exchange interactions respectively. A fom similar
ey

7

::.; to 10b exists for the superexchange interaction. Equs 10a and 10b
0

s yield sigmoid type curves with @G(R) = 1/2 at R = R'., Ve now
ey

- approximate 10a and 10b with a step function where G(R) = 0 if R ¢ R’
* and 8(R) = 1 if R > R’', An electronically excited molecule with no
‘ lower energy acceptors at a distance R ( R’ is then assumed to emit
\

N
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|

\
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radiation while a molecule with a lower energy acceptor at R ¢( R’ will
transfer its eoxcitation before emitting and will not be seenm in
emission. The number of sites (excluding the ome occupied by the

donor) within the interaction volume, n, is given by

n=4/3n 203 -1 (11a)
A= zaxoz -1 (11b)
n=2R -1 (11¢)

for 3-D, 2-D, and 1-D interactions, respectively.

We now consid;f the steady state excitation of sites on the high
onergy side of the inhamogeneous profile where the probability of am
acceptor site being in the interaction volume of the initially excited

site is mnear unity. The initial excitation will thus transfer

“

e

Salet

exothemally with unit probability. The exothemic energy transfer
process continues until a site is reached for which no lower energy
acceptors lie within the intersction volume. The excitation is thus
trapped and will thea radiate. Assuming that the initial excitation
finds these trapping sites with equal probability, the emission profile
will teptosént the energetic distribution of sites for which no lower
energy acceptors lie within the interaction volume. The distribution
of trapping sites, I(v), can be obtained from calculating as a function

of v, the product of the probability that a site at emnergy v has no

,? lower energy acceptors within the interaction volume, Pr(v), and the
} relative number of sites at emergy v, N(v), i.e.
I(v) = Const.Pr(v) N(v) (12)

The probability, Pr(v), that an emergetically excited site has mno

lower energy acceptors within the intersction volmme given by n is (1 -

..........
----------
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x')". For an inhuogonoouslny broadened single component (i.e. neat)
crystal with a Gaussian absorption profile, the corresponding emission
profile, I(v), is .iv;n by

I(v) = Comst.(1 - X )exp(-12((vv__ )/, (13)
where X' is given by equ. 6. For an optically active guest species in
a spectrally imert host lattice where the guest species occupy the host
lattice with probability p (given by the overall mole fraction of the
guest), equ. 12 still holds with Xv = xv'p, where xv' is detemined
from the guest absorption profile using equ. 6.

The emission lineshape for several values of n in the range of 10
to 10,000 sites for a single component disordered crystal are displayed
in fig. 6, slong with the Gaussian absorption profile. Fig. 6
illustrates that .s the interaction volume gets larger, the emission
profile is shifted further to lower onergy and the emission linewidth
narrows., These results can be understood with the physical model used
here. For a particular energetiocally o‘xcitod site, the probadbiliy of
finding a lower eﬁe:gy acceptor site withian the interaction volume
grows with the interaction volwmme. The enexgetic distribution of
trapped sites is thus shifted to lower energy where the comcentration
of possible lower energy acceptors is mmaller. The shift in the
emission maximmm .f:u the absorption maximum and the emission limewidth

vs. the interaction volume are plotted in figs. 7 and 8,

respectively. From the absorption and emission spectra of a system,

one oan find n from the onergy difference of the absorption and

NAAR

5,

emission maxima using fig. 7. Similarly one can also detemine n

Ly
0
AR
ala

a
a0

using the emission linewidth and fig. 8. Knowing n, one can infer the
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microscopic oﬁ:u transfer parmmoters in eqs. 1, 2, or 7 fram eqs. 8
assming & particular coupling mechanimm and dimensionality.

The phosphorescence profile of the 0,0 band of BON at 4.2 K along
with the calculated emission spectrum using equ. 13 with n = 365 sites
is shown in fig. 1, where the ocalculated and observed spectra are
found to be in good agreement. We now discuss this interaction volmme
in temms of the different energy transfer mechanisms which might be

expected to be important in BON. The 365 sites contained in the

interaciion volmme would yield an interaction radius, ko, of 182 for a

1. 1:6 = 20 msec for BCN

one obtains from equ. 8b a valuwe for direct exchange of yd = 0.1.

one dimensional interaction. Using $ = 7.4 o

Exchange interactions are ususlly of shorter range, i.e. yd >>1, with
yd = 5 being typical for many sramatic systns[”]. For superexchange,
one can ostimateo AE in this system as the energy separation between
absorption and emission maxima. Using AR = 76 u_l one finds £ = 6€
u—l for the 1-D superexchange mechanimm. This value of B is about an
order of magnitude larger than the value detemined for DBN.
Considering three dimensional interactions with n = 365 sites, one
obtains Ro = 4.5. For direct exchange in three dimensions, using p =
7.4 n-l as an upper limit for the isotropic exchange interaction, one
obtains yd ¢ 7 using equ. 8b. For superexchange with AE = 76 u-l one
obtains an isotropic B = 0.6 ﬂ-l fram equ. 8c. For dipole—dipole
coupling in three dimensions one obtains from equ. 8a s value for the
nearest neighbor transfer time v = 2.6 psec. The results of this
anslysis of the phosphorescence profile provide further support to the

conclusion that the energy transfer is three dimensionmal for
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excitations on the low energy side of the absorption profile. At
higher excitation ensrgies vhere nearest mneighbor tramsfer is
important, the energy transfer may be one dimensional. The fit of the
emission profile to equ. 13 gives the interaction volume for the
interaction with the largest rangs. An interaction with s mmaller
range, even with a stroamger ocoupling within that ramge, would be

uaimportaat in detemining the emission profile.
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FIGURE CAPTIONS

Fig. 1 The emission and absorption spectra of the Tl - so transition of
.‘ 1-bromo,4-chloronaphthalene (BCN) at 4.2 K., The observ;d absorption
{:: profile of the zero phonon linme of the 0,0 band is fitted to = Gaussian
f_' contered at 20284 om ! with [ = 32 am™l (s01id line). The observed
P narrowed emission profile ceantered at 20208 u-l along with the
; calculated emission 1lineshape (solid line) using eq. 12 with n = 365
" sites. |

{;. Fig. 2 The fit of the early portion of the decay of the triplet excitation due
.., to triplet-triplet energy transfer to an exchange mechanism for
-: different excitation wavelengths (4947 A, 4943 A, 4942 A, and 4940 A
T from top to bottom, respectively) within the 0,0 band of the ’I'1 - so
,: trapsition in 1-bromo,4-chloronaphthalene at 4.2 K. The range of the
?,: fit increases as the excitation wavelength decreases, i, e., as the
acceptor comcentration incresses.

.::-.: Fig. 3 The magnitude of the slope of the 1-D exchange fit (-'1-1).13) to the
,. early portion of the decay of the triplet excitation shown in fig. 2
R vs., the mole fraction of lower energy acceptors (xv) detemined from
-‘:;E equ. 6 for BON at 4.2 K, The solid line is the graph of ™ DE"
':'; xv/'{d where yd = 0.1. The dashed line is for yd = §, a value typical
s for many aromatic syst-s[”].

:::: Fig. 4 The fit of the long time portion of the decay of the triplet excitation
2 of the 0,0 band of the T, -~ S8, transition of
;: 1-bramo,4-chloronaphthalene at 4.2 K due to triplet-triplet energy
"- transfer to a three dimensional dipolar mechanimm for the excitation
:' wavelengths given in fig. 2. The range of the fit is better at longer
%

...............
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Fig.
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6

7

excitation wavelengths, i. eo., at low acceptor concentrations.
The magnitude of the slope of the 3-D dipole-dipole fit (ﬂ.S-D,DD) to
the 1long time portion of the triplet excitation shown in fig. 4 vs.
the mole fraction of lower emergy acceptors (xv) for BON at 4.2 K.
.S-D.DD shows the predicted limear dependence on acceptor comcentration
for dipole-dipole coupling.
The emission profile I(v) for a Gaussian absorption profile in a single
component orystal with an energy transfer interaction volume of n
sites., Plotted from right to left are the Gaussian absorption profile
and the emission profiles for n = 101. 102. 103. and 104 sites
respectively., The emission profile is found to shift to lower energy
and to narrow in width with increasing na.
The shift in the guest emission maximmm from the absorption maximwm
nommalized by the Gaussian absorption width [ (hwhm) wvs. the
interaction volume n. From bdottom to top, these curves are for guest
mole fractions p = 1.0, 0.5, 0.2 and 0.1 respectively.
8 The guest emission 1linewidth (fwbm) nommalized by [ vs. the

interaction volume n, From bottam to top, these curves are for guest

mole fractions p = 1.0, 0.5, 0.2 and 0.1 respectively.
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